Background: Decreased muscle strength is strongly associated with future mobility limitations in older adults. Homocysteine is a risk factor for vascular disease and may exacerbate muscle strength decline. The present study aimed to examine the association between homocysteine levels and muscle strength in adults aged 50 years or older. Methods: Data were from 1,101 participants of The Baltimore Longitudinal Study of Aging between December 2004 and March 2015. Muscle strength was measured using grip strength. Mixed effects linear regression was used to estimate the association between homocysteine and muscle strength in men and women, separately. Results: Total mean follow-up time was 4.7 ± 3.1 years, range from 0 to 10.1 years. Baseline mean grip strength was 39.9 kg for men and 25.5 kg for women. Grip strength declined over the follow-up time for both men and women. Among women, there was a significant inverse relationship between homocysteine and grip strength, where grip strength declined as a function of increasing homocysteine over time (β = −0.05, p = .031). Among men, an increase of 1 μmol/L in homocysteine was associated with −0.10 kg decrease in grip strength, though not significantly. Conclusions: In this study of healthy older adults aged 50 years or older, higher homocysteine was related to lower muscle strength in women. This is the first study to characterize the relationship over a long follow-up period. Future research should focus on assessing homocysteine as a marker of physical function decline and translating the relationship into clinical and public health practice.
Aging is associated with a progressive decline in skeletal muscle strength, which is critical to maintaining physical functioning and mobility in older age. Decreased muscle strength is strongly associated with future mobility limitations in adults aged 65 years and older (1) . Previous research has shown muscle strength in women declines more slowly than in men (2, 3) , which may be reflective of women having a smaller percentage of muscle mass in their arms and thus less to lose (4) . Grip strength correlates well with total body strength (5) and in a pooled analysis, muscle weakness, defined using grip strength <26 kg for men and <16 kg for women, was associated with increased odds of mobility impairment regardless of height, disease status, and body mass index (BMI) in 11 cohorts of adults aged 65 years and older (5) .
Homocysteine is a sulfur-containing amino acid metabolized in both the remethylation and transulfuration metabolic pathways. Elevated homocysteine concentrations are a known risk factor for vascular disease (6, 7) and have been associated with fractures, disability, frailty, slow gait speed, poor balance, and poor physical function (7) (8) (9) . There is no standard cut point for elevated homocysteine concentrations but high homocysteine is frequently defined as >13 μmol/L (10) and the prevalence of high homocysteine among adults aged 60 years and older is nearly 20% (11) . Concentrations of homocysteine are influenced by renal function (12) , behavioral factors (smoking, alcohol use, and caffeine consumption), genetic mutations (MTHFR C677T), and nutritional intake (folate, vitamin B12, and vitamin B6) (13) .
Recent research regarding the role of homocysteine in the decline of muscle strength in older adults is conflicting, with most finding inverse relationships between elevated homocysteine concentrations and decreased muscle strength (14) (15) (16) (17) (18) (19) and noting gender differences (15, 16, 18) . The use of different measures of muscle strength and study population specific categorizations of homocysteine limits comparability across studies (14) (15) (16) (17) (18) (19) . Additionally, repeated measures of either muscle strength or homocysteine have not been available in previous longitudinal studies of the relationship (14, 16, 18) . With increasing age, homocysteine tends to increase and muscle strength decrease (20) (21) (22) (23) (24) , but not necessarily in tandem, thus multiple measures over time are needed to accurately describe the relationship between the rate of change in grip strength and the rate of change in homocysteine.
Identifying risk factors contributing to accelerated decline of muscle strength is of public health importance and could aid in improving overall quality of life, and independence, as well as reduce the incidence of sarcopenia, falls and fractures, disability, mortality, and associated healthcare cost burden in older adults. The present study aimed to examine the association between total plasma homocysteine levels and muscle strength in persons aged 50 years or older participating in The Baltimore Longitudinal Study of Aging between December 2004 and March 2015.
Methods
The Baltimore Longitudinal Study of Aging (BLSA) began in 1958 and is currently sponsored and administered by the National Institute on Aging Intramural Research Program (24) . The BLSA is an open-enrollment volunteer cohort of community-dwelling adults, at least 20 years old. Participants are free of disease, cognitive and functional impairments, non-morbidly obese (body mass index; BMI < 40 kg/m 2 ), and have no reported difficulties in self-care or instrumental activities of daily living at the time of enrollment. BLSA follow-up schedules vary by participant age; those 20-59 years old are seen every 4 years, 60-79 years old are seen every 2 years, and 80 years or older are seen annually. More than 3,000 men and women have been enrolled since the start of the study.
This study includes adults aged 50 years or older participating in the BLSA with at least one complete observation with measurements for both homocysteine and grip strength between December 2004 and March 2015 (N = 1,101). There were 215 participants with a single observation, 218 with two observations, and 668 with three, or more observations. The study sample was reached after exclusion of 254 participants without homocysteine data, 16 participants without grip strength data, and 119 participants missing both measures. One participant with severe hyperhomocysteinemia (>100 µmol/L) was excluded. This study was approved by the University of Texas Houston Health Science Center Committee for Protection of Human Subjects and National Institute of Environmental Health Sciences Institutional Review Boards (IRB). All participants signed BLSA IRB approved informed consent forms at enrollment and all follow-up visits.
Measurements
Grip strength was measured using the Jamar Hydraulic Hand Dynamometer, which measures maximum kilograms (kg) of force. Participants performed six trials, three trials with each hand, unless the participant had surgery on the affected hand in the past 3 months. The trials were done with the participant seated and tested arm extended at a 180° angle or shoulder height. The participants were instructed to squeeze as hard as they could for each measurement. The best of 6 trials was used in analyses.
At each BLSA visit fasting serum and plasma samples were collected according to standard protocols and stored at −80°C. Total plasma homocysteine was determined using a fully automated fluorescence polarization immunoassay (Abbott Diagnostics, Abbott Park, IL) (19) .
Data on demographics, health behaviors, and medical conditions were collected through an interviewer-administered questionnaire at each visit. Variables included age, gender, marital status, household income, race, smoking status (current vs former/never), meeting physical activity guidelines (≥1000 kcal/wk) in the past 12 months (25, 26) , and self-reported physician diagnosed chronic diseases (cardiovascular disease, stroke, hypertension, osteoarthritis, Parkinson's disease, any cancer, diabetes, and peripheral neuropathy). Measured height and weight were used to calculate BMI (kg/m 2 ) and standard cut points for overweight and obesity used to categorize individuals. Supplement intake was collected via a food frequency questionnaire. Renal function was measured by serum creatinine and estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation (27) .
Statistical analysis
Baseline characteristics of the study sample are presented as means and percentages by gender. Linear mixed effects models were used to estimate the association between homocysteine and grip strength while accounting for the lack of independence between repeated measures. Additionally, linear mixed effects models accommodate the BLSA unbalanced and unequally spaced observation intervals. Random effects for the intercept and slope (follow-up time in years) were utilized to account for the excess variation implicit in the study design. Analyses were stratified by gender given that muscle strength and the slope of its decline differ between men and women and homocysteine concentrations vary by gender (18, 20) .
An interaction between homocysteine and follow-up time was included to model whether changes in homocysteine predict longitudinal changes in grip strength. The beta coefficient for the interaction term should be interpreted as the rate of change of grip strength as a function of homocysteine change over time; whereas, the beta coefficient for homocysteine is the overall relationship between homocysteine and grip strength. Additional interaction terms with follow-up time were explored in gender-specific models to assess potential age effects and between each covariate for inclusion into the model.
Homocysteine and all other covariates, excluding baseline age category (50-59, 60-69, 70-79, ≥80), education, and race, were time-dependent. Splines were used to model follow-up time as a fixed effect. Restricted cubic and linear splines were assessed with knots placed at 2-year intervals (2, 4, and 6 years) and percentiles. Akaike information criterion indicated linear splines with knots at 2-year intervals was the best fit. Likelihood ratio tests and maximum likelihood estimator were used to test the removal of fixed effects, reducing the model to clinically and statistically significant covariates. Linear regression assumptions were checked and adjustments to the functional form of covariates done as necessary. All statistical analyses were performed using Stata v.12 (StataCorp, College Station, TX).
Results
A baseline comparison of included and excluded participants showed included participants were older than excluded participants (men: p = .001, women: p < .001). Among men, excluded participants had a higher mean BMI (p = 0.036) compared to included participants, but not among women (p = .826). Included women were more likely to be married (p = .003) and have a graduate degree (p = .042) and reported drinking less alcohol (p = .001) than excluded women; these differences were not seen among men. There were no significant differences in smoking, physical activity, income, and number of chronic diseases between excluded and included men and women.
Baseline characteristics for men and women included in the study sample are displayed in Table 1 . Total mean follow-up time was 4.7 ± 3.1 years, range from 0 to 10.1 years. Baseline mean grip strength was 39.9 kg for men and 25.5 kg for women. The prevalence of clinically significant muscle weakness was low for both men and women, 5.0% and 4.4%, respectively. Homocysteine values ranged from 5.1 to 39.4 µmol/L at baseline. In men, 17.6% had high homocysteine (>13 µmol/L) and in women, only 7.0%. Overall, the majority of participants were white, well-educated, financially secure, physically active, non-smokers, and had a BMI < 30.0 kg/m 2 . Over 20% of both men and women had impaired renal function and most reported having at least one chronic disease.
Grip strength declined over the follow-up time for both men and women ( Figure 1 ). While women were weaker at baseline (p < .001), men had steeper grip strength decline over time for each age category (p < .001). For either men or women, the rate of decline did not vary significantly between baseline age categories but overall increasing age was associated with lower grip strength (p < .001, Figure 1) .
In both men and women, grip strength was inversely related to homocysteine, after adjustment of clinically and statistically significant variables (Figure 2 ). Among women, there was a significant relationship between the rate of change in homocysteine and rate of change of grip strength, where grip strength declined as a function of increasing homocysteine over time (β = −0.05, p = .031). Overall, grip strength declined −0.04 kg with every 1 μmol/L increase in homocysteine (p = .575). Among men, there was a slight decline in grip strength as homocysteine increased over time but not significantly (β = −0.02, p = .421). There was an overall trend (−0.10 kg, p = .174), though not significant, in grip strength decline with increasing homocysteine concentrations ( Table 2 ).
Discussion
In this study of healthy older adults aged 50 years or older, elevated homocysteine was related to lower muscle strength over an average follow-up period of 4.7 years in women. These results are consistent with some but not all previous research on the association of homocysteine and muscle strength (14) (15) (16) 18, 19) . In agreement with the current analysis, cross-sectional studies have found significant inverse associations between elevated homocysteine and decreased muscle strength (14, 15, 18, 19) . Similarly, among studies stratified by gender, a statistically significant association was observed only in women (15, 18) . Only one previous study has assessed muscle strength, as measured by grip strength, and homocysteine longitudinally in older adults (mean age 75.6 ± 6.6 years, range 55-85 years) over a 3-year follow-up period and, contrary to the present study, found no relationship in men or women (16) . As well, homocysteine has been previously associated with decline in overall physical function, which is often an aggregate measurement of balance, coordination, and muscle strength (14, 18) . The relationship between elevated homocysteine and decreased physical function may be mediated by the inverse relationship between homocysteine and muscle strength.
Homocysteine could be contributing to muscle strength decline through various pathologies (Figure 3 ) (6). Elevated homocysteine Missing: Household income (n = 23), alcohol intake (n = 16), married (n = 9), current smoking (n = 15), any reported chronic disease (n = 4), and physical activity (n = 19). levels can lead to greater concentrations of reactive oxygen species, which can damage mitochondria and lead to inflammation, and altered G-protein coupled receptor and increased TGF-b signaling both leading to reduced muscle regeneration (6) . Homocysteine also decreases the bioavailability of nitric oxide, which regulates blood flow to muscle cells; this can lead to a reduction in endurance, greater fatigue, muscular dystrophy, and ischemia (6).
The reason for a lack of a significant association in men, seen here and in the literature, is not fully known but gender-specific hormones could play a role. Estrogen is inversely and testosterone is positively correlated with homocysteine concentrations (28) . In postmenopausal women, reduced estrogen has been associated with muscle strength decline. And among older men, a meta-analysis concluded testosterone or dihydrotestosterone replacement therapy resulted in a moderate increase in muscle strength (29) . The role of gender-specific hormones in the relationship between homocysteine and muscle strength have yet to be studied.
Kidney dysfunction results in elevated homocysteine concentrations (12) . As expected, homocysteine concentrations (Table 1) were higher for participants who had kidney dysfunction for men (13.5 vs 10.5 μmol/L, p < .001) and women (11.4 vs 8.7 μmol/L, p < .001). Additionally, 20% of both men and women had kidney dysfunction (eGFR < 60ml/min/1.73m 2 ). The relationship between kidney dysfunction and reduced physical function and performance in older adults is well established (30) . In this study population, adjustment for kidney dysfunction during model building did not meaningfully change the results of the final models. Given the strong biological association between homocysteine and renal disease, it is possible that homocysteine lies on the causal pathway between kidney dysfunction and poor physical function.
Vitamin B12, vitamin B6, and folate are involved in the intracellular metabolism and removal of homocysteine resulting in an inverse relationship between concentrations of homocysteine and these nutritional factors (21, 23, 31) . In 1998, the Food and Drug Administration issued a regulation requiring grain products to be fortified with folic acid in an effort to reduce neural tube defects. Since folic acid fortification, vitamin B12 deficiency is usually the main nutritional cause of elevated homocysteine. In this population of healthy and active older adults, the prevalence of low vitamin B12 (<200 pg/ml) was less than 1% and serum folate inadequacy (≤3 ng/ mL) was 0%. Vitamin B6 and fat intake are also possible contributors to homocysteine variation. As noted in a previous analysis of this study population, vitamin B6 intake from food and supplements was negatively correlated with homocysteine concentrations (32) . Additionally, in the presence of high vitamin B12, very-long-chain n-3 fatty acids are inversely associated with homocysteine concentrations (32, 33) . Thus, for populations, such as the BLSA, with high levels of folate and vitamin B12, fat or vitamin B6 could be influential nutritional determinants of homocysteine concentrations. Conceivably lowering homocysteine concentrations could delay muscle strength decline. Supplementation therapy with folic acid and vitamin B12 to reduce homocysteine and delay muscle strength and physical function decline has been the focus of two recent clinical trials in older adults, mean ages 75.7 and 74.1 years old (34, 35) . Both studies found lower concentrations of homocysteine in the treatment groups compared to the placebo groups. However, the supplementation therapy did not result in significant differences in decline of muscle strength and physical function between study groups. Dosages of folic acid and vitamin B12 were similar between the two studies and were above dietary reference intakes (36) . These studies did not find gender differences, yet the reduction in homocysteine through folic acid supplementation has been shown to be larger in women than men (37) . The null results seen in clinical trials compared to epidemiologic studies may indicate that homocysteine is a marker of muscle strength decline and not causally related to decline. Observational epidemiologic studies are inherently limited by the inability to show causality, thus the results seen here and in other studies could be from reverse causality, residual confounding, or both.
There are some limitations to be considered when interpreting results of this study. The BLSA study population is a robust and healthy group of older adults with low prevalences of obesity and smoking and thus may not be comparable to the general population (38, 39) . Women aged 60 years or older, in the current study population had a much lower prevalence of muscle weakness compared to previous reports (4.4% vs. 18.0%) (5) . As well, the prevalence of high homocysteine was lower in the present study population than the general population (11) . As such, the current study was unable to analytically assess relationships between these clinically relevant cutpoints. The magnitude of the estimated effect sizes, while statistically significant, might not be clinically relevant. Yet, any factor that exacerbates the progressive decline in muscle strength with aging, regardless of size, could be considered relevant.
Still, this study has many strengths. The BLSA has a long followup time for both measures of muscle strength and homocysteine. Grip strength was used to measure muscle strength and correlates well with total body strength (5). As well, homocysteine was assessed using valid laboratory procedures.
In conclusion, this study is the first to find a significant longitudinal relationship between elevated homocysteine concentrations and muscle strength decline in older adult women. Future research should be focused on assessing homocysteine's role as a causal factor or a marker for decline and translating that relationship into clinical and public health practice.
